The mechanisms of neuronal degeneration and associated acute alterations in intraretinal cytokine and protein levels remain poorly understood in variable ischaemic retinopathies such as in branch retinal vein occlusion (BRVO). Herein we investigate neuronal damage and alterations in retinal cytokines and proteins in a pig model of acute BRVO. Twelve pigs had a BRVO induced photothrombotically in both eyes. Three pigs (6 eyes) each at 2, 6, 10 and 20 days were sacrificed together with an additional 3 control (6 eyes), enucleated, retinas dissected and processed. Apoptosis in the inner retina was determined by terminal deoxyynuclotidyl transferase mediated dUTP nick end labelling (TUNEL) and histology. Expression of glial acidic fibrillary protein (GFAP), aquaporin-4 (AQP4), inward rectifier potassium channel 10 protein (K ir 4.1) encoded by KCNJ10 gene, vascular endothelial growth factor (VEGF), stromal derived growth factor-1α (SDF-1) encoded by CXCL12 gene and interleukin (IL) −6 and 8 were analysed by quantitative reverse transcription polymerase chain reaction (RT-qPCR) and immunohistochemistry. TUNEL labelling showed positive nuclei in the ganglion cell layer (GCL) and the inner nuclear layer (INL) which was significantly higher at 2 days after BRVO compared to other time points (p < 0.05). Analysis by RT-qPCR revealed that compared with controls, BRVO significantly increased mRNA expression of GFAP at 6, 10 and 20, AQP4 at 20, VEGF at 6, SDF-1 at 20 and IL-8 at 2 and 10 days respectively (p < 0.05): K ir 4.1 at 6, VEGF at 2 and 10, and IL-6 at 2 days were significantly decreased (p < 0.05). This study indicates that neural cell death occurs early in this acute model and the responses include inflammation and breakdown of osmohomeostasis as evidenced by the upregulation of GFAP and IL-8 and down regulation of K ir 4.1 associated with glyotic changes. Early short term VEGF upregulation seen may be related to involvement of Muller glial cells. These findings support the development of acute therapeutic strategies aimed at preservation of retinal neural cells as part of an overall management plan for BRVO.
Introduction
Retinal vein occlusion (RVO) is the second most common cause of retinal vascular blindness after diabetic retinopathy (DR) affecting approximately 16 million people worldwide (Klein et al., 2000; Mitchell et al., 1996; Rogers et al., 2010b) . Approximately 1% of individuals under 60 years of age are affected with the prevalence increasing to 5% in those over 80 years (Mitchell et al., 1996) . RVO is a variable ischaemic microvascular retinal disease and remains a common cause of unilateral vision loss that may affect either a branch vein or the central retinal vein (CRVO) . Of all retinal vein occlusions branch retinal vein occlusion (BRVO) is the most common and accounts for 80% of all vein occlusions (Mitchell et al., 1996; Klein et al., 2008) . Without treatment, it can lead to a sustained loss of vision with a reported final mean visual acuity of 20/70 with 23% of patients having a visual acuity of ≥20/200 ('Argon laser photocoagulation for macular edema in branch vein occlusion. The Branch Vein Occlusion Study Group' 1984; Rogers et al., 2010a) . The pathogenesis of BRVO has been attributed to a combination of local changes in the vein at the arterio-venous crossing including degenerative changes of the vessel wall, compression, haemorheological changes, endothelial damage and deregulation of the thrombosis-fibrinolysis balance (Baglivo et al., 1997; Frangieh et al., 1982; Kumar et al., 1998) resulting in retinal oedema, haemorrhage and neural degeneration. Programmed cell death (apoptosis) is considered a leading cause of neural degenerative mechanism invoked in these diseases (Donati et al., 2008; Joo et al., 1999 this mechanism at the molecular level may provide deeper insights into the processes involved and may be beneficial in the development of new therapeutic strategies.
A common pathological sequel of RVOs is macular oedema (MO) (Wong and Scott, 2010) , where there is extra-and intracellular fluid accumulation, culminating in neural cell damage and death. It has been demonstrated that cytokines play a major role in the pathology of these diseases (Ki et al., 2007) , however, the exact sequence of cytokine upregulation after the occlusion and the effects of these on retinal cellular elements remains to be elucidated. The development of MO has been attributed to the cytokine vascular endothelial growth factor (VEGF) and nitric oxide production. In recent years, intravitreal VEGF inhibitors have revolutionised treatment for these conditions confirming that MO is strongly associated with the upregulation of this cytokine (Campochiaro et al. 2010 (Campochiaro et al. , 2015 that enhances blood retinal barrier (BRB) breakdown, vascular permeability and leakage (Silva et al., 1995) . However, although this treatment improves visual outcomes in the short term over previous treatments such as grid laser, vision is not completely restored ('Argon laser photocoagulation for macular edema in branch vein occlusion. The Branch Vein Occlusion Study Group' 1984; Campochiaro et al., 2010; Campochiaro et al., 2015) . Whilst these inhibitors control leakage, they do not resolve neural damage by apoptosis which occurs early, is progressive and currently irreversible.
It has been proven that the apoptotic processes in cells can be reversed by DNA repair in some circumstances (Elmore, 2007; Diez-Roux and Lang, 1997) , as in the case of experimental diabetic mice where leukostasis, retinal cell death and vascular permeability was abrogated in the absence of TNFα (Huang et al., 2011) . In DR, another retinal microvascular disease, loss of the nerve fibre layer seems to occur early, often when there are only minimal retinal changes, and becomes worse with increasing severity of retinopathy. Retinal ganglion cell (RGC) death can be very slow and variable in the early clinical stages where they are in a pre-apoptotic state (Abu-El-Asrar et al., 2004) . Damage to the retinal neural layers are seen clinically in both branch and central RVOs with OCT studies showing nerve fibre layer thinning even in the absence of capillary nonperfusion (Kim et al., 2014; Lima et al., 2011) . Attenuating ischaemic neural injury and targeting these vulnerable cells in the inner retina before progression to an irreversible stage at the appropriate times would be exceedingly significant. However, in order to develop applicable neuroprotective strategies, it is necessary to understand the sequence of changes controlling neural damage from its initiation at the acute phase.
In this study, we investigate the timing of apoptosis and neural degeneration in the acute post-occlusion period (2-20 days), using our well-established pig model of BRVO (McAllister et al., 2009; McAllister et al., 2013a; McAllister et al., 2013b) . We have used terminal dUTPmediated nick end labelling (TUNEL) which labels fragmented DNA, histology including ultra-structure to assess pyknosis (early changes of nuclear shrinkage and chromatin condensation) (Kerr et al., 1972) and architectural changes that occur in this acute phase. Concurrently, we examined changes in retinal gene expression occurring in the acute phase of BRVO by quantitative reverse transcription polymerase chain reaction (RT-qPCR) targeting a panel of cytokines (VEGF, SDF-1 encoded by CXCL12 gene, IL-6, IL-8), membrane-associated channels (AQP4, K ir 4.1 encoded by KCNJ10 gene) and markers of gliosis (GFAP). Protein expression and localization was examined by immunostaining. These markers were chosen as they have various pathological effects including gliosis, MO, angiogenesis and inflammation in vascular retinopathies (Bringmann et al., 2006) (Sapieha et al., 2010) .
Materials and methods

Animals
All animal procedures were approved by the Animal Ethics Committee of the University of Western Australia and conformed to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research and the policies in the "Guide to the Care and Use of Laboratory Animals" issued by the National Institutes of Health. All efforts were used to minimise pain and suffering during surgery and housed under great care at all times to provide an untroubled and comfortable environment. The pig has been chosen for this study as it has been established as a suitable model having a similar retinal architecture and replicates the features in BRVO as demonstrated in several of our previous clinical and histological studies at different time points from 1 to 11 weeks (McAllister et al., 2009; McAllister et al., 2013a; McAllister et al., 2013b) (Fig. 1) .
Surgery and tissue processing
A total of 15 pigs (30 eyes) were used in this study (aged 10 weeks, body weight ∼ 25 kg). Of the 15 pigs, twelve were anaesthetized and sedated with an intramuscular injection using a combination of Zoletil 100 (Tiletamine hypochloride-Zolazepam hypochloride) (4.4 mg/kg) and Illium Xylazine-100 (Xylazine hydrochloride) (2.2 mg/kg). They were then intubated, ventilated and maintained on isoflurane in 100% oxygen. Pupillary dilation was achieved with tropicamide 1% and phenylephrine hydrochloride 2.5%.
Baseline assessment in all eyes included binocular indirect ophthalmoscopy to exclude pre-existing retinal disorders. After intravenous injection via an ear vein of 10 mg/kg of Rose Bengal dye (Sigma Aldrich, St. Louis, MO, USA), which is a dye with peak absorption of light close to the wavelength of the argon laser. This allows an intravascular thrombus to be created with minimal damage to the vessel wall if appropriate laser powers are used. A photothrombotic BRVO was created in an inferior vein adjacent to the optic disc in both eyes of each pig using an argon green laser, 532 nm wavelength (Ellex Medical Lasers Ltd., Adelaide, Australia), as described previously (McAllister et al., 2009; McAllister et al., 2013a; McAllister et al., 2013b) . This vein was chosen as it creates a small superior field defect and leaves the horizontal and inferior fields unaffected. Chloramphenicol ointment 1% (Sigma Pharmaceuticals Ltd, Victoria, Australia) was applied to the eyes after surgery. After surgery the pigs were allowed to recover and were sacrificed at 2, 6, 10 and 20-day post-surgery. The remaining three pigs were used as controls and sacrificed with no intervention. Immediately after sacrifice, the eyes were enucleated, the anterior segment was removed and using an 8 mm diameter corneal trephine, 2 discs of retina on either side of the occluded vessel outside the focal area of the laser burn and within the area of the BRVO in the retina were cut. One disc was fixed in 4% paraformaldehyde overnight at 4°C and processed in paraffin for TUNEL, basic histology and immunohistochemistry and the other for RT-qPCR from both right and left eyes and from similar areas of the normal eyes without a BRVO. In addition, 2 × 2 mm pieces adjacent to the discs were cut and fixed in 2.5% glutaraldehyde in 0.1 M phosphate buffer and processed in epoxy resin for transmission electron microscopy (TEM).
TUNEL
TUNEL technique which is widely employed to measure DNA fragmentation for highlighting apoptotic cells in tissues was used to detect apoptotic degeneration. Briefly 6 μm sections were deparaffinised, permeabilised by subjection to heating in a microwave for 4 min in sodium citrate buffer pH 6.0 and labelled according to manufacturer's protocol (In situ Fluorescein cell death kit, Roche applied science, Penzberg, Germany). Sections were labelled by incubating with TUNEL reaction mixture consisting of 50 μl of enzyme solution (terminal deoxynucleotidyl transferase) and 450 μl of label solution (nucleotide mixture fluorescein -dUTP) in a humidified chamber at 37°C in the dark for 60 min. Positive and negative controls were also performed by incubating with Dnase I recombinant (1500U/ml in 50 mM Tris pH 7.5, 10 mM MgCl2, 1 mg/ml BSA) for 10 min at room temperature to induce DNA strand breaks and with label solution only respectively prior to labelling. Slides were rinsed in PBS containing a nuclear stain (Hoechst) (Sigma-Aldrich, St. Louis, MO, USA) which stains the DNA of all cells (Crowley et al., 2016b ) (prot087221), mounted with antifade medium and viewed under an epifluorescent microscope equipped with fluorescence relevant detection filter (excitation/emission maxima 495/ 519 nm) and photographs were taken at a preset setting on the microscope at a magnification of X 60. TUNEL positive cells and all Hoechst stained cells were manually counted.
Histology
Basic histological analysis was performed on haematoxylin and eosin stained 6 μm paraffin sections and viewed by light microscopy (LM). In addition, both normal looking and dark shrunken pyknotic nuclei (as TUNEL stains only fragmented nuclei as opposed to hyper condensed pyknotic nuclei) (Crowley et al., 2016b ) (prot087221) were manually counted as above. Ultra-structural changes were analysed on 0.1 μm ultrathin epoxy resin sections stained with uranyl acetate and lead citrate and viewed by TEM (Philips CM10-2; Philips Electron Optical, Eindhoven, The Netherlands).
RT-qPCR
RT-qPCR was employed as it is a well-defined method of quantifying gene expression levels. The neural retinas were dissected out from the discs and stored in RNAlater (QIAGEN, Hilden, Germany) at 4°C for one week then transferred to −20°C. Total RNA was extracted using RNeasy Plus Micro Kit and QIAshredder (QIAGEN). RNA purity was assessed by a NanoDrop ND-2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). First-strand cDNA was synthesized using 0. (Livak and Schmittgen, 2001 ).
Immunohistochemistry
Six-μm thick sections were cut on a microtome (Leica 2040). Deparaffinised sections underwent antigen retrieval (permeabilised) and immunofluorescence staining as described previously (McAllister et al., 2009) . Briefly, the sections were treated with blocking serum and then incubated with primary antibody (Table 1) . After 2 h at room temperature or overnight at 4°C incubation respectively they were incubated again with the relevant fluorescence Alexa fluor 488 or Alexa fluor 546-conjugated secondary antibody (Invitrogen, Thermo Fisher Scientific, MA, USA) for 1 h. After each incubation 3 X 3-min phosphate buffered saline (PBS) washes were performed. Slides were mounted with non-fade mounting medium (Hydromount, National Diagnostics, GA, USA). Negative controls with the omission of the primary antibody and with isotype control was performed. The distribution of the labelled protein was visualized under an epifluorescent microscope (Nikon Eclipse E−800: Nikon, Tokyo, Japan) equipped with fluorescence relevant detection filter (excitation/emission maxima 495/519 nm or 556/573 nm) and photographs were taken at a preset setting on the microscope. Qualitative analysis of immunohistochemistry was performed for the main purpose of determining the tissue regions which showed reactivity. Primary antibodies were validated by western blotting against pig retinal proteins obtained from additional normal pig eyes. Pig retinal (1:500), rabbit IgG (1:40) and Goat IgG (1:40) in blocking buffer with 0.1% Tween20 at 4°C overnight. After washing in tris-buffered saline with 0.1% Tween20 (TBST) 3 times, the membrane was incubated with IRDye 800CW donkey anti-goat, goat anti-mouse, or goat anti-rabbit IgG (1:10,000; LI-COR) in blocking buffer plus 0.1% Tween20 and 0.01% SDS for 1 h at room temperature. After three TBST washes, the membrane was washed once with tris-buffered saline without Tween20. The membrane was then imaged at 700 nm and 800 nm wavelength by the Odyssey Infrared Imager (Model 9120, LI-COR).
Statistical analysis
All data was analysed statistically using SigmaStat 3.5 (Systat Software, San Jose, CA, USA). For cell death and pyknosis a total of 5 eyes were used for each group. Four images from randomly selected slides were examined from each sample (eye) of each group. In each image TUNEL positive cells and all Hoechst stained nuclei were manually counted. Haematoxylin and eosin stained pyknotic and nonpyknotic nuclei were also counted. For cell death and pyknosis, values are expressed as a fraction (percentage) of total number of cells respectively (Crowley et al., 2016a ) (top070318): Data for multiple comparisons between groups was performed with one-way analysis of variance and Dunn's method. RT-qPCR data was analysed by t-test comparing normal and treated eyes and with one-way analysis of variance and Kruskal-Wallis test and Dunn's method for multiple comparison. Probability values < 0.05 were considered as statistically significant. Data expressed as graphs with mean ± SEM respectively. A total of 4-6 samples (eyes) were assayed in each group.
Results
Branch retinal vein occlusion
Immediately after laser treatment of the pig eyes, engorgement of the distal vein and scattered intraretinal haemorrhages were seen, indicating an occlusion had been created. The laser burn was clearly distinguishable on macroscopic examination of the enucleated eye cups in all the eyes in which a vein occlusion was induced. In previous studies, similar photothrombosis in pig retinas have confirmed the presence of an occlusion ( Fig. 1) (McAllister et al., 2009; McAllister et al., 2013b Experimental Eye Research 174 (2018) 133-146 ganglion cell layer (GCL) and inner nuclear layer (INL) at 2 days after BRVO with fewer labelled cells observed at all other time points (Fig. 2) . Quantification of the percentage of TUNEL positive nuclei showed a significantly higher number in the GCL at 2 days (p < 0.05) compared to all other time points (6, 10 and 20 days) and the normal retina. There was no significant difference between groups at the other time points after BRVO (normal versus 6, 10 and 20; 6 versus 10 and 20; 10 versus 20 days respectively). In the INL there was a significantly higher number at 2 days compared to 10 days post-BRVO and the normal retina (p < 0.05). There was no significant difference between 2 days and the other two BRVO groups (6 and 20 days) and between groups at the other time points after BRVO (normal versus 6, 10 and 20; 6 versus 10 and 20; 10 versus 20 days respectively (p > 0.05) (Fig. 3) .
Pyknotic cells
Quantification of the percentage of pyknotic cells displaying condensed dark nuclei on haematoxylin eosin sections viewed by LM showed a significantly higher number in the GCL at 2 days compared to 6 days and the normal retina (p < 0.05), however, there was no significant difference at 2 days compared to 10 and 20 days (p > 0.05) post occlusion. There was no significant difference between groups at the other time points after BRVO (normal versus 6, 10 and 20; 6 versus 10 and 20; 10 versus 20 days respectively) (p > 0.05).
In the INL significantly higher number of pyknotic cells at 2 days compared to normal, and all other time points (6, 10 and 20 days) after BRVO (p < 0.05) was seen. There was no significant difference between groups at the other time points after BRVO (normal versus 6, 10 and 20; 6 versus 10 and 20; 10 versus 20 days respectively) (p > 0.05) (Fig. 4) .
Morphology
Basic histology of the normal retina showed healthy well organized layers of cells whereas the eyes with BRVO revealed degenerative changes within the cells of the inner retinal layers at all time points. Vacant spaces and pyknotic nuclei were seen in the GCL and the INL (Fig. 5) .
TEM of retinal sections at 6, 10 and 20 days after BRVO confirmed and extended these findings. The inner limiting membrane (ILM) showed reduced end-feet, degenerating astrocytes and cellular debris. There were degenerating cells in the GCL and in the INL some of the Muller cells appeared pyknotic. Muller fibres showed irregularity and disorganisation with swollen mitochondria. Vacuoles with membranous debris were also seen. At 2 days TEM confirmed the presence of apoptosis where there were cells that had undergone alterations in their nuclei and cytosol typical of apoptotic cells in addition to cells with vacuoles that may be undergoing necrosis (Fig. 6 ).
Changes in gene and protein expression
Changes in gene and protein expression in the post occlusion period were assessed by RT-qPCR (Fig. 7) and immunofluorescence analyses. Immunostaining controls, in which the primary antibody was omitted or replaced with an isotype control antibody, demonstrated an absence of specific staining (GFAP, AQP4, K ir 4.1, VEGF, SDF-1, IL-6 and -8; 
GFAP
RT-qPCR analysis for GFAP mRNA showed significantly higher levels in the BRVO treated eyes at 6, 10 and 20 days compared to normal retinas (p < 0.05). Although higher level of GFAP was seen at 2 days it did not reach statistical significance (p > 0.05). There was no significant difference among the BRVO treated groups (2, 6, 10 and 20 days post occlusion time points) (p > 0.05).
In the normal retinas intense immune-reactivity of GFAP was seen in the area of the ILM in the astrocytes with hardly any reactivity in the Muller cells. In the retinas with BRVO after 2 days mild reactivity was seen in the astrocytes and in the Muller fibres, at 6 days, reactivity was seen predominantly in the Muller fibres and less in the astrocytes. At 10 days and 20 days strong staining was seen in the ILM and in both Muller cells and astrocytes ( Fig. 8A-E) .
AQP4
Analysis of AQP4 mRNA by RT-qPCR showed a significantly higher level at 20 days (p < 0.05) and no significant difference at 2, 6 and 10 days (p > 0.05) in the BRVO treated eyes compared to normal retinas. There was also a significantly higher level at 20 days compared to 2 days in the BRVO treated eyes (p < 0.05) with no significance among the other BRVO treated groups (2 versus 6 and 10, 6 versus 10 and 20, Graph demonstrating percentage of TUNEL positive cell counts significantly higher (*) at 2 days in the ganglion cell layer (GCL) compared to the normal retina and at 6, 10 and 20 days, and in the inner nuclear layer (INL) compared to normal retina and at 10 days respectively after a BRVO was attempted. I.L. McAllister et al. Experimental Eye Research 174 (2018) 133-146 10 versus 20 days post occlusion time points respectively) (p > 0.05). AQP4 immunoreactivity was detected in the ILM, nerve fibre and, inner and outer plexiform layer and at the perivascular regions of the INL of the normal and BRVO retinas at all time points (Fig. 8G-K) .
KCNJ10 (K ir 4.1)
RT-qPCR mRNA analysis revealed significantly lower levels of KCNJ10 in the BRVO treated retinas at 6 days compared to normal retinas (p < 0.05). Although lower level of KCNJ10 was seen at 2 days than normal retinas, it did not reach statistical significance (p > 0.05. There was no significant difference among the BRVO treated groups (2, 6, 10 and 20 days post occlusion time points) (p > 0.05).
K ir 4.1 immunoreactivity was detected in the ILM, nerve fibre layer, GCL, inner plexiform layer, INL and in the Muller fibres of the normal retinas. Weak staining was seen in the BRVO retinas at all time points. (Fig. 8 M-Q) .
VEGF
RT-qPCR analysis showed a significantly higher level of VEGF at 6 days and significantly lower levels at 2 and 10 days in the treated retinas with BRVO compared to normal retinas (p < 0.05). There was also a significantly higher level at 6 days compared to 10 days in BRVO treated retinas with no significance among the other BRVO treated groups (2 versus 6, 10 and 20, 6 versus 20, 10 versus 20 days post occlusion time points respectively) (p > 0.05).
Immunoreactivity was diffuse and was predominantly in the GCL and INL in normal and BRVO retinas (Fig. 9A-E) .
CXCL12 (SDF-1)
RT-qPCR analysis of mRNA CXCL12 showed significantly reduced levels at 2 days and showed a significant increase at 20 days in the BRVO compared to normal retinas (p < 0.05). There was no significant difference among the BRVO treated groups (2, 6, 10 and 20 days post occlusion time points) (p > 0.05).
Immunoreactivity of SDF-1 was seen in the ILM, GCL, INL and outer plexiform layer. The staining was diffuse through the retinal layers ( Fig. 9G-K) .
IL-6
RT-qPCR analysis showed significantly reduced levels in IL-6 mRNA in the retinas with BRVO at 2 days compared to normal retinas (p < 0.05). Although there was an increase in the levels at 10 and 20 days it did not reach significance. There was no significant difference among the BRVO treated groups (2, 6, 10 and 20 days post occlusion time points) (p > 0.05).
IL-6 immunoreactivity was detected in the ILM, nerve fibre and GCL, diffuse staining in the inner plexiform layer and in the INL of the normal and BRVO retinas at all-time points (Fig. 10A-E) .
IL-8
RT-qPCR analysis showed significantly higher levels of IL-8 mRNA in the retinas at 2 and 10 days with BRVO compared to normal retinas (p < 0.05). Although, up regulation was seen at 6 days did not reach significance (p > 0.05). There was no significant difference among the BRVO treated groups (2, 6, 10 and 20 days post occlusion time points) (p > 0.05).
IL-8 immunoreactivity was seen in the BRVO retinas at all time points. Weak staining was seen in the normal retinas. It was detected in the GCL, INL and diffuse staining in the plexiform layers of all BRVO retinas and in the ILM of retinas at 2, 6 and 10 days respectively (Fig. 10G-K) .
Discussion
The success in public and referrer awareness with macular degeneration has led to much earlier presentation of patients with this condition as well as other causes of unilateral visual loss including BRVOs. There is now potential for acute stage treatments including those aimed at preserving retinal neural elements providing the sequence of events following the BRVO is better understood.
The pig model was chosen for this study as its eye is very similar to the human in terms of anatomy, vasculature, similar marker distribution and histogenesis progression (Guduric-Fuchs et al., 2009 ) as compared to other non-primate mammals and a BRVO can be successfully created as in several studies in the past (McAllister et al., 2009; McAllister et al., 2013b) . Among non-primate models pigs have been suggested as the best model for BRVO. The rodent eye is very small and appropriate focusing of even the smallest available laser beam is extremely difficult (Khayat et al., 2017) The use of Rose Bengal as a photo-enhancing agent allows the creation of an intraluminal thrombus with minimal damage to the vein and overlying retina. Whilst it does not exactly replicate what happens in patients with BRVO as it creates an acute obstruction, it does show the early classical features (Khayat et al., 2017) . It is useful as a model to understand the sequence of molecular changes within the retina as the exact timepoint of the obstruction to venous outflow is known whilst in humans with BRVO the level of obstruction and associated clinical signs appear to progress over several months before gradually resolving.
To assess neurodegeneration, TUNEL staining to detect dying cells with fragmented DNA (Crowley et al., 2016b ) and haematoxylin and Fig. 4 . Graph showing percentage of pyknotic nuclei. Graph demonstrating pyknotic celll counts significantly higher at 2 days (*) in the ganglion cell layer (GCL) compared to normal retina and retina at 6 days and in the inner nuclear layer (INL) at 2 days compared to normal retina and retina at 6, 10 and 20 respectively after a BRVO was attempted.
I.L. McAllister et al.
Experimental Eye Research 174 (2018) 133-146 eosin staining to identify pyknotic nuclei (hyper condensed DNA) which is an early feature in apoptosis not detected by TUNEL staining, was employed. The TUNEL assay is sensitive, and its methodology has been significantly improved, however, since necrotic cells may also be stained (Zille et al., 2012) by this technique, we also performed TEM to confirm these cells were apoptotic. Cytokines and proteins play a major role in the preservation or destruction of tissue. BRB breakdown and MO are associated with the changes in their regulation (Ki et al., 2007) . In the present study we investigated these changes in the acute phase and correlated them with histological and apoptotic intraretinal changes. A widely accepted semi quantitative scoring system for immunohistochemistry does not exist as yet and automated systems are not accurate in the interpretation of certain tissues (Fedchenko and Reifenrath, 2014) such as the retina. Hence, RT-qPCR was employed to quantitate precisely the change in the gene expression levels of cytokines and proteins whereas immunofluorescence was used for qualitative analysis mainly to detect the cell and tissue locations at which the antigens were immunoreactive.
Muller cells play a vital role in retinal homeostasis. They appear to be amongst the first responders to a variety of injuries to the retina and undergo reactive gliosis ). Retinal Muller cell injury is associated directly or indirectly with up or down regulation of cytokines inducing reactive gliosis aimed at mitigating and preventing further damage to the neurons in the retina. However, although the cytokines secreted are initially neuro-protective, overproduction may result in severe gliosis resulting in detrimental effects to neuronal and photoreceptor cell viability. Gliosis is characterised by the upregulation of GFAP. GFAP changes in the Muller cells were investigated as it is amongst the earliest and most sensitive manifestation to retinal injury (Rehak et al., 2009) . Reactive glial cells can in turn induce cytokine production (Khandelwal et al., 2011) . In our study in the retinas with a BRVO the GFAP mRNA levels were upregulated by 2 days and reached significance at 6, 10 and 20 days with peak upregulation seen at 10 days. Staining was localised in both the astrocytes and in the full extent of the Muller cells. This also correlates with the degree of apoptosis seen in the inner retina in the acute stage. LM and TEM also confirmed Muller cells are richly endowed with specialised integral membrane proteins AQP4 and K ir 4.1 involved in water permeability mediating iso-osmotic fluid exchange (Pannicke et al., 2004) . These proteins were also analysed in our study as they are closely associated with retinal oedema. In this study, there was a significant upregulation at 20 days of Graph of RT-qPCR demonstrating the relative expression levels of the pig retinal genes (normalised against the housekeeping gene glyceraldehyde-3-phosphate dehydrogenase) for intermediate filament glial fibrillary acidic protein (GFAP), channel proteins, aquaporin 4 (AQP4), inward rectifier potassium channel 10 (K ir 4.1) and inflammatory cytokines vascular endothelial growth factor (VEGF), stromal derived growth factor-1α (SDF-1), interleukin 6 (IL-6), interleukin 8 (IL-8) in BRVO and normal retinas. * indicates statistical significance (p < 0.05) compared to controls. Fig. 8 . Immunohistochemistry of GFAP, AQP4 and K ir 4.1. Immunolocalisation (arrow) of GFAP (A, normal; B, 2 days; C, 6 days; D, 10 days; E, 20 days; F, negative control), AQP4 (G, normal; H, 2 days; I, 6 days; J, 10 days; K, 20 days; L, negative control) and K ir 4.1. (M, normal; N, 2 days; O, 6 days; P, 10 days; Q, 20 days; R, negative control) in the retinas of normal and eyes enucleated at 2, 6, 10 and 20 days after a BRVO was created. GFAP is seen localised in the astrocytes in retina of normal (A) and BRVO retinas at 10 (C) and 20 (D) days respectively, Muller cells show staining in the retinas with BRVO at all time points. AQP4 staining is seen predominantly in the inner limiting membrane and in the perivascular regions in the normal and BRVO retinas at all time points. K ir 4.1 showing intense staining in all the layers and in the Muller fibres of the normal retina and weak staining in the BRVO retinas at all other time points. Autofluorescence (*) of inner segments and blood cells is seen in most of the retinas including the negative control. ILM, Inner limiting membrane; ONL, outer nuclear layer: Scale bar = 30 μm.
AQP4 mRNA and no significant difference at the other time points between normal retina and those with BRVO suggesting that water uptake by the Muller cells mediated by AQP4 is not affected in the acute phase of BRVO but may become more significant at later stages with the development of retinal oedema. Similar to these findings AQP4 was largely unaltered in the early stages of a rat model of retinal transient ischemic reperfusion whilst Muller cells within hours significantly down regulate K ir 4.1 channels, swell and become reactive resulting in ganglion cell death) (Pannicke et al., 2004) . K ir 4.1 levels in our study was similarly significantly down regulated in the BRVO retinas at 6 days compared to the normal retinas, another feature indicative of acute changes in Muller cells. The consequence of such an event would lead to an inability to extrude K+, intracellular accumulation of K+, increased intracellular osmotic pressure, an influx of water from the blood into the cells culminating in glial cell swelling and the onset of retinal and MO. Reactive changes such as swelling and death of neurons may not be attributed directly to BRB break down and vascular leakage and may reflect impairment of fluid (metabolic water) clearance (Lobo et al., 2000) . It has been suggested that unlike K ir 4.1, the membrane anchoring protein syntrophin of AQP4 is insensitive to ischaemia (Puwarawuttipanit et al., 2006) and this may be the reason why AQP4 was not down regulated in our study. It appears that the most severe neural damage within the retina after an acute BRVO in this model occurs within the first week depicted by the upregulation of GFAP, down regulation of K ir 4.1 (KCNJ10) expression and the significant loss of GCL and INL cells to apoptosis at 2 days, depicted by TUNEL positive nuclei seen by LM and confirmed by TEM.
The results of this study demonstrated a significant number of TUNEL positive dying cells peaking at 2 days after BRVO in the GCL as seen in previous studies in minipigs with an occlusion (Donati et al., 2008) . Apoptosis and inner retinal damage also appears to occur in the early stages of diabetic humans before retinopathy is seen as similar changes were detected in post-mortem eyes (Barber et al., 1998) . In the present study, pyknotic cells in the GCL were significantly increased at 2 days post occlusion compared to normal retina. Increased numbers of pyknotic cells were also observed from 6 to 20 days post occlusion, however these results did not achieve statistical significance (Fig. 4) , suggesting that pyknosis does not cease instantaneously but could fluctuate at least up to 3 weeks after BRVO. This gives a reasonable window of time for neuroprotective agents to be effectively administered to modulate the associated pathways and rescue the less damaged vulnerable cells which are at an early and potentially reversible phase of apoptosis. The cytoplasmic vacuoles seen at all time points may represent necrotic cell death. Apoptosis and necrosis can occur independently, sequentially or simultaneously depending on the intensity of the stimulus (Elmore, 2007) . This has also been seen in previous studies in the retina and in brain infarction (Donati et al., 2008; Kovacs et al., 1996) prior to recovery in which some of the less damaged cells may be restored. BRVO affects predominantly the inner retina and these adverse changes seen are most likely due to the BRVO rather than laser damage as sampling was performed outside of the focal area of laser damage. Whilst these changes may not replicate the crescendo degree of obstruction occurring in many human subjects with this condition they do imply damage to the inner retina occurs early and this may be a potential area for therapeutic intervention in the future.
Vascular leakage in RVO is associated with hypoxia induced up- Fig. 9 . Immunohistochemistry of VEGF and SDF-1. Immunolocalisation (arrow) of VEGF (A, normal; B, 2 days; C, 6 days; D 10 days; E, 20 days; F, negative control), SDF -1 (G, normal; H, 2 days; I, 6 days; J, 10 days; K, 20 days; L, negative control) in the retinas of normal and eyes enucleated at 2, 6,10 and 20 days after a BRVO was created. VEGF and: SDF-1 showing diffuse staining predominantly in the inner retinal layers of normal and treated retinas. ILM, Inner limiting membrane; ONL, outer nuclear layer. Scale bar = 33 μm.
regulation of VEGF, together with the increased hydrostatic pressure that occurs due to the obstruction to venous outflow (Kaneda et al., 2011) . In previous studies it appears that VEGF in BRVO may be upregulated after the acute event initiated by the activation of VEGF receptors (Martin et al., 2009) . VEGF receptors flt-1 (VEGFR-1) and FLK-1 (VEGFR-2) are present in the GCL and INL cells and in the Muller cell processes respectively (Vinores et al., 2001 ). In our study, however, there was an initial down regulation of VEGF mRNA expression at 2 days which may be attributed to the loss of a large number of these cells to apoptosis in the GCL and INL resulting in reduced secretion of VEGF at this time point. VEGF expression was noted to be upregulated at 6 days in our study and then decreased at 10 and 20 days. This is similar to other animal acute BRVO and CRVO studies where expression of VEGF upregulation is transient in the acute stage (Rehak et al., 2009 ) (Rehak et al., 2011) . These studies demonstrated VEGF is significantly upregulated at 1 day after a retinal vein occlusion followed by down regulation at 3 and 7 days respectively. Another study (Ebneter et al., 2015) investigating the levels of VEGF in mice by enzyme-linked immunosorbent assay showed similar results being significantly upregulated at 1 day and returning to normal levels at 3 days. The rising and falling of VEGF levels may reflect immediate necrotic events as seen in a previous study (Donati et al., 2008) . A direct relationship between IL-6 and VEGF has been previously demonstrated in the aqueous humour of diabetic patients. (Funatsu et al., 2001 ). This however was not seen in our study where intra retinal changes in gene expression of these cytokines were evaluated rather than intraocular fluid levels. IL-6 expression was significantly downregulated at 2 days although it did show a trend towards higher levels at 10 and 20 days. There are variable reports on the regulation of IL-6 after BRVO. Previous animal studies have shown acute significant upregulation of IL-6 gene expression in the neural retina in CRVO induced rats (Rehak et al., 2011) . However, similar to our findings, Lee et al., (2012) by multiplex array assay reported that aqueous levels of IL-6 in BRVO patients were not significantly different from the control group (without ocular or systemic diseases) while VEGF was upregulated. They suggested that the role of inflammation is less influential in BRVO compared to diabetic retinopathy and in BRVO abrupt blockage may result in sudden upregulation of VEGF.
The results of clinical studies with VEGF inhibitors imply that VEGF is a dominant cytokine in BRVO at least in the later stages in humans. VEGF is present in normal adult eyes in the absence of retinal injury (Kim et al., 1999) . Although VEGF is considered a major angiogenic factor that increases microvascular permeability, aqueous levels of VEGF in BRVO patients have been shown to vary. Previous studies have shown VEGF upregulated (Noma et al., 2005) in some and no change or reduced levels in others (Funk et al., 2009; Lim, 2011) . Most of the information concerning intraocular cytokine changes after RVO stems from human aqueous or vitreous samples in patients with variable and often significant durations of the occlusion (Noma et al. 2005 (Noma et al. , 2006 (Noma et al. , 2008 (Noma et al. , 2010 Funatsu et al., 2012; Noma et al., 2013; Okunuki et al., 2011) . These studies have shown various degrees of elevated levels of VEGF in both the aqueous and vitreous with the levels dependant on the area of involvement and the degree of retinal ischemia. The role of VEGF in patients as early as 3 weeks after an occlusion has not been studied to the best of our knowledge. Both the BRAVO study and the Fig. 10 . Immunohistochemistry of IL-6 and IL-8. Immunolocalisation (arrow) of IL-6 A, normal; B, 2 days; C, 6 days; D, 10 days; E, 20 days; F, negative control) and IL-8 (G, normal; H, 2 days; I, 6 days; J, 10 days; K, 20 days; L, negative control) in the retinas of normal and eyes enucleated at 2, 6, 10 and 20 days after a BRVO was created. Autofluorescence (*) of inner segments is seen in most of the retinas including the negative control. IL-6 is seen in the inner retinal layers. IL-8 is seen in the inner retinal layers. ILM, Inner limiting membrane; ONL, outer nuclear layer. Scale bar = 33 μm.
VIBRANT study investigating the role of anti-VEGF in BRVO enrolled patients 40-60 + days post diagnosis of the BRVO. The actual time the BRVO may have been causing visual symptoms is probably much longer. Our study analysed retinal gene expression levels of these cytokines in the acute early phase that would have been missed by these studies on humans. It appears that VEGF upregulation is delayed, and we have previously shown significant intraretinal VEGF upregulation after BRVO at 11 weeks (McAllister et al., 2009) .
In the present study, expression of SDF-1 (CXCL12) was reduced at 2 days post occlusion, which may indicate the loss of secreting cells to apoptosis. The role of SDF-1 in the repair of damaged tissues including the retina has been previously investigated (Brooks et al., 2004) . It has been shown to play a major role in proliferative retinopathies and is upregulated in the vitreous in eyes with ocular neovascularisation secondary to diabetic retinopathy and retinal venous occlusive (RVO) disease. In this previous study, elevated vitreous levels of SDF-1 were only found in those eyes with neovascularization, while the levels of SDF-1 were similar to that of control eyes in conditions without intraocular neovascularisation (Ki et al., 2007) . In our study at 2, 6 and 10 days SDF-1 was not significantly different to normal retinas but was upregulated at 20 days suggesting this cytokine may have a role in BRVO with disease progression and possibly induced by VEGF or with the onset of intraretinal vascular remodelling (Salvucci et al., 2002) . SDF-1 is thought to act in conjunction with VEGF in promoting angiogenesis by recruiting haematopoietic stem cells (Grunewald et al., 2006) . Kaneda et al., (2011) analysed the cytokine levels in aqueous humour in patients at several months after the onset of BRVO and showed both IL-6 and -8 were significantly upregulated. IL-8 is an inflammatory chemokine that is upregulated in the acute phase of an ischaemic injury. It is implicated in the recruitment of inflammatory cells including neutrophils and macrophages through CXCR2 (Interleukin 8 receptor β) and stimulates VEGF expression (Martin et al., 2009; Boisvert et al., 1998; Hristov et al., 2007; Liehn et al., 2004) . IL-8 is the most significantly associated cytokine implicated with tissue damage parameters in BRVO (Kaneda et al., 2011) . IL-8 is neurotoxic (Thirumangalakudi et al., 2007) and its overproduction could lead to cell death. It precedes and controls the expression of VEGF in endothelial cells. In our study IL-8 mRNA expression was significantly upregulated at 2 and 10 days after BRVO and also remained elevated over the duration of the study to 20 days. In our study VEGF expression was only seen to be significantly upregulated at 6 days although we have previously shown it to be upregulated later and as IL-8 precedes VEGF upregulation, this would be consistent. It has been suggested that IL-8 is the main inflammatory factor involved in MO associated with BRVO (Noma et al., 2014) and has been correlated with central macular thickness and also with the severity of retinal ischaemia.
Evidence from experimental studies of intraretinal cytokine levels at known time points in retinal models similar to that of humans is lacking. Experimental studies with young animals may not replicate exactly the changes seen in elderly arteriosclerotic humans and acute studies such as this do not replicate the rate of intra retinal changes. Pigs, especially young ones may have more aggressive healing and vascular remodelling responses compared to that of humans. Alshareef et al., (2016) demonstrated a significant reduction in ganglion cell-inner plexiform layer thickness regardless of the duration of BRVO (two groups of less and more than 3 months respectively) indicating generalised neuronal degeneration in eyes with BRVO remains a significant but yet unaddressed issue and models such as this are useful to explore possible mechanisms.
This study differs from several other studies in that the levels of cytokine expression in the retina were analysed as opposed to that in the aqueous or vitreous which may not reflect the actual intraretinal levels. Cytokines are likely to be more concentrated in the area of the lesion and there may be different rates at which they diffuse across the ILM in addition to any binding to extracellular matrix along its path. Furthermore, most of these studies have been performed on patients with chronic BRVOs with different durations and extent of involvement. Consequently, the levels of the cytokine milieu may differ one from another depending on the time of onset of the disease and its severity. Therefore, to establish the choice of the appropriate treatment, at the appropriate times based on these previous findings would be challenging. Current treatment options for BRVO include laser photocoagulation, intravitreal steroids and intravitreal VEGF antibodies. The effectiveness of macular grid laser is minimal, steroids are effective in the short term and whilst VEGF antibodies have proven to be more successful this does require frequent injections for extensive periods (Heier et al., 2012) . VEGF is however a physiological factor that is essential for the preservation of neurons (Nishijima et al., 2007) . In the acute phase of BRVO when it appears that the likelihood of neuronal damage is highest, the possibility exists, at least in this acute experimental model, that anti-VEGF therapy may potentially exacerbate this. In patients with RVO receiving VEGF inhibitors, OCT studies have shown thinning of the nerve fibre layer and inner retina, despite resolution of the MO (Klein et al., 2008; Lima et al., 2011; Alshareef et al., 2016) . The pathogenesis of this neural damage is probably multifactorial with hypoxia and induced cytokine dysregulation all potentially involved which is not addressed by current treatments. Any potential role that VEGF antagonists may have in this remains at this stage theoretic. Whilst these advances in treatment for BRVO represent a major advance, restoration of vision is often incomplete despite the MO eventually resolving (Heier et al., 2012) .
Evidence from experimental studies of intraretinal cytokine levels in RVOs at known time points in retinal models similar to that of humans is lacking and to the best of our knowledge this has not been previously investigated in the pig model. Previous studies on RVOs have been performed on rodents (Rehak et al. 2009 (Rehak et al. , 2011 Ebneter et al., 2015) and SDF-1 and IL-8 have not been investigated in these studies. There was some variation in our present study in the early phase compared to these previous studies and these may be attributed to, firstly, a difference in the animal species (pigs vs rodents) as a range of histological and functional differences exist between individual species and several antibodies which labelled the same cell types in pig and human retina have shown different specificity in the mouse (Guduric-Fuchs et al., 2009) . Secondly, there was a difference in the method of thrombus induction used in the rat model (Rehak et al., 2011) where sodium fluorescein instead of Rose Bengal was used and thirdly, the severity and extent of the blockage may differ particularly as a result of the extreme difference in rodents such as in the size of the eye being much smaller and the large intraocular lens in relation to the laser beam, all of which may reflect varied outcomes in the intraretinal changes.
This present study indicates that the responses in the acute phase of BRVO include inflammation as seen by the upregulation of inflammatory cytokines and breakdown of osmohomeostasis by the dislocation of K ir 4.1 water channel. Apoptosis and inner retinal damage appear to occur in the early acute stages as demonstrated in this study. This study does have some limitations as the effects of the laser used to induce the BRVO may in itself had some possible effect on intraretinal cytokine levels outside of the area of direct injury.
In conclusion whilst this acute model of BRVO does not exactly replicate the changes that occur in a human with this condition it is of value in understanding the neuronal and intraretinal cytokine changes occurring in the early stages of this condition as the time from the initiation of the occlusive event is known. This photothrombotic model produces an occlusion that is acute and relatively more severe than the slow and progressive occlusion and retinal changes seen in most patients with a BRVO (Hayreh et al., 2001 ). It does demonstrate that neuronal degeneration and alteration in homeostasis occurs early in this condition and that there is a potential for additional treatments in this early phase that may be able to reverse apoptosis in those cells that are less severely affected. Neuroprotective treatments and targeting of dislocated water channels may be advantageous in attenuating the progression of BRVO induced neural damage.
VEGF is not upregulated immediately in this model and the theoretic possibility exists that early treatment with antagonists to this cytokine which does in itself have neuroprotective capabilities before it is fully upregulated may be counterproductive. As the pathogenesis of BRVO clinically differs significantly from this experimental model this would not affect current management, however further investigation into potentially effective neuroprotective agents is required.
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